INTRODUCTION
Porous metal organic framework solids are of great current interest because of their potential applications and their chemical and structural variety, which lead directly to novel chemical and physical properties. 1 Their high surface areas, comprising internal pore surfaces that offer shape selectivity, variable hydrophobicity, accessible cations and organic functional groups, offer well-defined and readily tuneable materials for molecular uptake, separation, storage and delivery, and in some cases catalytic conversion. 2, 3 Furthermore, their complex structures are in many cases responsive to external stimuli such as temperature, light and pressure. 4, 5 Examination of the structural changes of microporous MOFs with increasing pressure is of fundamental interest, 6, 7 because it reveals details of bonding within the framework and, where ingress of the pressure-transmitting fluid occurs, of framework-guest (and guest-guest) interactions. Further, efficient application of MOFs at high pressure, for example in gas storage and separation, and as stationary phases in HPLC, will also require an understanding of the effect of high pressures on both framework and frameworkguest structure. 8 Diffraction studies, both X-ray and neutron, have yielded important information on both the response of frameworks to adsorption and the binding sites of guest molecules. [9] [10] [11] To date, there remains a relative paucity of structural data concerning adsorbate location in MOFs, so that even for molecules such as CO2 that are of great current interest, only 66 entries within the Cambridge structural database exist (November 2012 release). 12 Even fewer studies have examined the response of single crystals of MOFs to high liquid pressures, because more specialised diamond anvil cell (DAC) apparatus is required, though recent computational and experimental studies have been performed at relatively low pressures, describing the framework collapse of MIL (Matériaux de l'Institut Lavoisier) materials. 13, 14 Several high pressure studies have now been reported on MOFs, including (but not exclusively) MOF-5 (zinc terephthalate), Cu-BTC (copper trimesate) and the zinc zeolitic imidazolate framework ZIF-8. [15] [16] [17] [18] In these studies, the sample (single crystal or polycrystalline powder) was loaded into the DAC chamber and surrounded as hydrostatic fluid by one of: Fluorinert FC-77 (a mixture of perfluorooctane (C8F18) and perfluorooxacyclononane (C8F16O)); diethylformamide; a 4:1 by volume mixture of methanol:ethanol; or a 16:3:1 methanol:ethanol:water mixture. Initial application of pressure to all three MOFs using a hydrostatic liquid comprising molecules small enough to enter the pores caused the frameworks to expand. Increasing pressure further resulted in more solvent molecules entering the pores, causing them to become 'super-filled' with guest molecules, although with an associated decrease in the unit cell volume from its maximum value. However, because of the large size of the cages present in MOF-5, Cu-BTC and ZIF-8, and the inherent disorder in the location of the adsorbate molecules, it was not possible to determine atomic positions of the adsorbed molecules in these cases.
The scandium terephthalate MOF, scandium 1,4-benzenedicarboxylate (Sc2BDC3) has a 3D framework structure, unique to this trivalent metal, with a high density of BDC groups linking isolated ScO6 octahedra.
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Projected down the a-axis in the orthorhombic (room temperature) form of Sc2BDC3, the triangular channels (ca. 4 Å in free diameter) appear one dimensional (Figure 1a ), but there are small gaps in the 'walls' of these channels between adjacent BDC ligands. Two symmetry-independent BDC molecules exist; the first is bisected by two perpendicular 2-fold axes and penetrated by a third (Group 1, Fig. 1b ), while the other has an inversion centre at the centre of the BDC ring (Group 2, Fig. 1c ). The windows formed between pairs of Group 1 and Group 2 linkers form interconnecting channels along the c-and b-axis directions respectively, giving rise to a three dimensionally porous framework structure. The pores are hydrophobic -after synthesis they contain no solvent or water molecules. The relatively high porosity of Sc2BDC3 and its thermal and chemical stability, together with its tendency to form high quality single crystals, make it a model MOF system for studies of small molecule adsorption. In situ diffraction studies of Sc2BDC3 at low temperatures (ca. 230 K) and moderate gas pressures (1 -5 bar) have located small gas molecules such as CO2 and light hydrocarbons physisorbed in the pores, and determined that upon CO2 uptake the structure relaxed to better coordinate the adsorbate molecules, with a resultant displacive phase transition and associated symmetry change (Fddd to C2/c). 20 The spatial constraints imposed by the narrow pores on the configuration and packing of adsorbate molecules are partly responsible for their ordering and subsequent accurate location by diffraction. A similar approach, in which compounds have been adsorbed into MOFs and their structure determined as part of the resultant guest-host complex has recently been exploited to determine the molecular structure of compounds available only on the nanogram scale or which cannot readily be crystallised. 21 Here we report structural studies of Sc2BDC3 at high pressures (0.1-2.3 GPa) in the presence of different hydrostatic liquids that are either non-penetrative (fluorinated hydrocarbon) or adsorbing (methanol). Whereas the empty structure shows reversible amorphization at elevated pressures, the methanol-containing structure is greatly stabilised, and is the first 'high pressure' example where the adsorbates are located crystallographically and the host-guest and guest-guest interactions explored and elucidated by complementary computer simulation.
It is also possible to prepare single crystals of the nitro-functionalised analogue of this structure, Sc2(NO2-BDC)3 by direct synthesis. The presence of the bulky nitro groups causes the framework to distort to monoclinic C2/c symmetry to accommodate them, with associated reduction in the free space. The nitro groups block the channels to N2 uptake at 77 K, but permit some uptake of CO2 at 273 K. 19 Our high pressure studies of this nitro-functionalised scandium MOF show very different behaviour to that of the unfunctionalized form, for it undergoes a high pressure phase transition that results in a strong volume decrease when empty, but this is inhibited by methanol uptake over the pressure range explored.
Taken together, these high-pressure structural studies of the parent and the functionalised Sc2BDC3 MOF represent the first ever reported inclusion of ordered guest molecules into the pores of a MOF as a function of high-pressure, and reveal both the atomistic ordering of adsorbates in the pores and the resulting stabilisation of frameworks against major structural changes. 
EXPERIMENTAL
Single crystals of Sc2BDC3 and its nitro-derivative were prepared via solvothermal and hydrothermal routes, respectively. 19, 22 Crystals of Sc2BDC3 and Sc2(NO2-BDC)3 were loaded individually into a modified MerrillBassett diamond anvil cell (DAC) along with a ruby crystal (to act as a pressure calibrant). Both crystals were surrounded with a liquid in order to ensure pressure was applied hydrostatically to the crystals. In the first experiments on each crystal type, high-pressure experiments were performed using a non-penetrating hydrostatic medium, the fluorinated hydrocarbon Fluorinert FC-77, whereas a second set of experiments were performed using methanol as the pressure medium, which was found to enter the pore system of these MOFs.
For comparison, the structure of Sc2BDC3 was also measured at room temperature when immersed in liquid methanol without externally applied pressure. In addition, the adsorption (and desorption) isotherms of methanol from the vapour phase was measured on a Hiden IGA2 gravimetric analyser for Sc2BDC3 and Sc2(NO2-BDC)3 at 303 K and 298 K up to the saturation pressures at these temperatures.
Complementary grand canonical Monte Carlo (GCMC) 23 simulations were performed in order to study the order in which adsorption sites are filled by methanol molecules in Sc2BDC3, while molecular dynamics 17 simulations were performed in order to elucidate the pore filling mechanism. The use of GCMC and molecular dynamics simulations to understand site ordering of guest molecules has been used in recent years for understanding gas sorption into MOFs [24] [25] [26] , though to our knowledge, this is the first time they have been applied to pressurised structures. For more details see the SI.
RESULTS AND DISCUSSION
Compression of Sc2BDC3 using Fluorinert FC-77. On loading a crystal of Sc2BDC3 in Fluorinert FC-77 to 0.1 GPa, the unit cell volume decreases by 39 Å 3 (0.6 %) compared to the ambient pressure 'empty' structure.
On increasing the pressure further to 0.4 GPa, a crystalline-to-amorphous phase transition took place which was accompanied by an optical change in the crystal from colourless to opaque (Fig. 2a ). This transition is well below the hydrostatic limit of the medium (0.95 GPa), and is therefore not caused by non-hydrostatic conditions. 27 The Raman spectra collected within the fingerprint region of the spectra (100 to 1300 cm -1 ) were almost identical ( Fig. S1 ), which suggests that the local structure of Sc2BDC3 in the amorphous phase is retained. The pressure was released to ambient pressure and the crystal returned from opaque to colourless (Fig. 2b) . Single-crystal X-ray diffraction data collected on the recovered crystal confirmed that the amorphization was fully reversible, with the structure reverting back to the original crystalline phase. The fact that the transition is reversible further supports the assumption that the framework remains intact during the transition. The phenomenon of pressure-induced amorphization has been known for several years, with amorphous ice being the most well-known example. 28 Reversible pressure-induced amorphization has been observed previously in zeolites which have the LTA structure type 29 and inorganic materials such as CsAuI3 30 and Ge2Sb2Te5 31 . More recently, the reversible pressure-induced amorphization of the dense zeolitic imidazole framework ZIF-4 ([Zn(Im)2], Im = imidazolate) was observed between 0.35-0.98 GPa for the evacuated sample, or 1.49-4.54 GPa for the solvent-containing sample. 32 The compressibility behaviour observed here in Sc2BDC3 is therefore very similar to that observed in ZIF-4, with a crystalline-amorphous phase transition observed upon direct compression of the bare framework at low pressures (ca. < 1 GPa; similar to the evacuated sample of ZIF-4). Not all MOFs exhibit reversible crystalline-amorphous transitions. In ZIF-8 and MOF-5, amorphization is irreversible, though it can play a vital role in the capture and storage of gases that are harmful to the environment. 33, 34 The smaller pore nature (and higher density) of Sc2BDC3 would therefore appear to afford it some resilience to irreversible amorphization at lower pressures on directly compressing the crystalline phase. This is an area worth investigating further as irreversible transitions tend to have a detrimental effect on the adsorption capabilities of MOFs. GPa after decompression. The colourless crystal sitting above Sc2BDC3 is a chip of ruby, which is used as a pressure calibrant. The gasket hole is 300µm in diameter.
Compression of Sc2BDC3 using Methanol. Upon immersion of a crystal of Sc2BDC3 in methanol without
added pressure (in a capillary), the unit cell expanded as methanol diffused into the framework (Table 1 , Fig   1a) . The density of methanol modelled in the pores equates to an uptake of 3. A separate single crystal was then loaded into a DAC using methanol as the hydrostatic liquid. On loading to 0.3 GPa, the unit cell volume expanded further, as a result of additional methanol being forced into the porous framework (Table 1) . Although the inclusion of small molecules has been observed before in the pores of much larger MOFs (with nano-sized cavities) at high-pressure, these were not ordered in the pores. [15] [16] [17] Expansion of the framework continued to 0.6 GPa, with the unit cell volume increasing by 41.4 Å³ (0.7%). On increasing the pressure to 1.1 GPa, the volume began to decrease, and the cell volume continuously decreased up to 3.0 GPa (Fig. 3a) . The compressibility of the unit cell dimensions is strongly anisotropic (Figs S3 to S5)
so that while the a-axis follows the same trend as the unit cell volume, showing an initial increase up to 1.1
GPa, followed by a continuous decrease to 3.0 GPa, both the b and c-axes decrease in length for the entirety of the increasing pressure regime. Table S1 in the ESI. The 0.0 GPa data set refers to Sc2BDC3 which was 'immersed' in methanol at ambient pressure at 298 K.
The anisotropic compression of the unit cell dimensions (and volume) can be explained by analysing the uptake of methanol molecules within the pores of Sc2BDC3. Inclusion of methanol molecules does not result in a change of symmetry, unlike the transition from Fddd to C2/c on uptake of CO2 guest molecules observed previously. On initially surrounding the sample with methanol at ambient pressure, the guest molecules occupy two distinct sites, though the identity of the non-hydrogen atoms could not be identified. Site 1 (Fig.   1a&b ) is only half occupied at ambient pressure (and disordered about a 2-fold axis). Pairs of Site 1 methanol molecules sit on either side of the 'gaps' formed between Group 1 ligands. Site 2 is also only partially occupied at ambient pressure and is located on either side of the 'gaps' between Group 2 ligands (Fig. 1a & c) .
Site 1 and Site 2 molecules occupy the channels which run along the a-axis, resulting in a stacking of methanol molecules along the principal pore direction (Fig. 1) . The a-axis expands on uptake of methanol, so it appears that the filling of both sites and subsequent stacking of methanol molecules along the pore direction is responsible for the expansion of the a-axis and contraction along the b and c-axes. Such behaviour is often observed during negative linear expansion, for example in 'wine-rack' (or similar) framework topologies. 35 On increasing pressure to 0.3 GPa, Site 1 becomes fully occupied, while the Site 2 occupancy also increases (to 0.5). On increasing pressure above 0.3 GPa, the occupancy of Site 2 molecules continues to increase, reaching a peak occupancy of 0.8 at 1. 36 We postulate that the increased uptake at higher pressures, resulting in short guest-guest contact distances is the reason why Site 2 is not readily fully occupied.
Contraction of both the a-axis and volume starts to occur above 0.6 GPa, where the swelling effect caused by continuous inclusion of methanol molecules stacking along the a-axis is overcome. Instead, compression of the a-axis, and therefore volume reduction, is favoured. A similar effect was observed in Cu-btc, which initially expands on increasing pressure to 0.5 GPa, then compresses on increasing pressure further to 1.3 GPa even though more solvent fills the pores. 17 No appreciable increase in methanol density is observed above 1.1
GPa, and therefore direct compression of the framework takes place to 3.0 GPa. Amorphization of Sc2BDC3 in methanol does not take place up to 3.0 GPa. This behaviour is not dissimilar to that of MOF-5, where the onset of amorphization can be delayed by guest inclusion, with MOF-5 becoming amorphous above 3.2 GPa upon hydrostatic compression using diethylformamide as a hydrostatic medium. 16 More recently, in a high pressure study of the flexible framework NH2-MIL-53-(In), guest inclusion also occurs and pressure-induced amorphization does not take place until >20 GPa. 37 GCMC simulations were performed in order to understand site filling by methanol molecules in Sc2BDC3 and to determine whether the orientations (C and O positions) of the methanol molecules can be determined.
Density distributions of adsorption sites were obtained as a function of loading for the structures obtained at ambient pressure, and 0.6 GPa, in order to elucidate whether any subtle changes in the framework at higher pressures gave rise to preferential adsorption sites, as seen previously for CO2 in Sc2BDC3. No differences were observed (see Figure S6 ), so that only the simulations on the structure determined at 0.6 GPa are shown here. At low loading in both the ambient and 0.6 GPa structures, methanol molecules are preferentially adsorbed at Site 1 ( Figure 4 ). As loading increases to 21 molecules/unit cell (mol./uc.), Site 1 becomes saturated, and adsorption of methanol molecules at Site 2 begins in both the ambient and 0.6 GPa structures. A further increase in loading (beyond 32 mol./uc.) results in a greater uptake of methanol molecules at Site 2.
The pore filling order of both sites would therefore appear to match the order of uptake of methanol molecules observed in our high pressure experiments, and is independent of any subtle changes in the framework at elevated pressures.
In an effort to further elucidate the pore filling mechanism and examine further guest-guest interactions, molecular dynamics simulations were performed using the framework Sc2BDC3 structure measured when immersed in methanol, as well as for each of the structures in Table 1 , at a loading of 39-41 mol./u.c. This corresponds to a fully saturated framework, with three methanol molecules per pore. Compression of Sc2(NO2-BDC)3 using Fluorinert FC-77. In order to determine the effect of derivatising the terephthalate linker on the uptake of guest molecules at pressure, the effect of pressure on Sc2(NO2-BDC)3 was also studied. At ambient pressure and temperature, Sc2(NO2-BDC)3 adopts monoclinic C2/c symmetry; a the framework is very similar to the native Sc2BDC3 structure composed of the same 1D channels (Fig. 7) .
However, the bulky NO2 group is partially ordered on each of the two ligands (retaining statistical disorder over two positions by an inversion centre in Group 1 and by a two-fold rotation axis in Group 2). This results in distortion of the structure and lowering of the symmetry from Fddd to C2/c. The resultant structure has a no aperture between pairs of Group 1 or Group 2 ligands (assuming no ligand rotation) and a reduced pore volume.
In order to ascertain whether a crystalline-to-amorphous phase transition is observed in Sc2(NO2-BDC)3 at high pressure (as was observed with Sc2BDC3), and to de-convolute the effect of pressure and solvent inclusion, a separate high-pressure experiment was carried out on Sc2(NO2-BDC)3 using Fluorinert FC-77. On increasing pressure from ambient to 0.3 GPa, direct compression of the framework occurs, and is reflected in the compressibility of all three axes and the volume (Fig. 3b, (Fig 3b) . This behaviour is typical for molecular materials where direct compression takes place. Hydrogen bonds are indicated using red dashed lines.
Compression of Sc2(NO2-BDC)3 using Methanol. On initially loading a crystal of Sc2(NO2-BDC)3 to 0.21
GPa using methanol as the hydrostatic medium, the unit cell volume decreased by 32.69 Å³ (0.52 %, Fig. 3b ).
Increasing pressure further to 0.9 GPa, the volume continued to decrease, above 0.9 GPa, a volume decrease is observed which continued to 3.3 GPa. Unfortunately, unlike the unfunctionalized Sc2BDC3 sample, the highpressure data was not of high enough quality to be able to extract atomic structural information on the pore contents, nor model the uptake of solvent. Nevertheless, the contrasting compression behaviour when compared with a non-penetrative hydrostatic fluid (Figure 3b) indicates that methanol uptake does occur, and that its inclusion stabilises the framework against structural transition and very rapid volume decrease (as observed in Fluorinert). On increasing pressure to 0.2 GPa, and then further to 0.9 GPa, the a-axis increases (by 0.11%), while the b and c-axes both decrease by 0.13 and 0.28% respectively (Fig. S11 to S13 ). This behaviour is similar in type to that of Sc2BDC3 in methanol, where the axis along which the porous channels of the framework run (which is also the ≈ 8 Å a-axis), increases in length. The increase in length of the a-axis in Sc2(NO2-BDC)3, is much less drastic and this reflects the lower uptake. This is unsurprising considering the presence of the bulky NO2 side groups, with the overall effect of pressure causing a volume reduction to 0.9 GPa, rather than expansion which is observed in Sc2BDC3 to 0.6 GPa. This result is also consistent with the methanol adsorption isotherm under ambient pressure conditions, which shows a significantly reduced uptake of methanol compared to the native Sc2BDC3 (Fig S2) . Above 0.9 GPa, the a-axis (and volume) contracts more rapidly. This behaviour is typical of porous MOFs which display two regions of different compressibility. In Cu-BTC, this transitional behaviour was attributed to an initial hyperfilling of the pores by the hydrostatic liquid followed by a sustained compression of the filled pores at higher pressures, resulting in a material which becomes more compressible at higher pressures. 15 In our single-crystal study of Cu-btc, this transition was attributed to a sudden emptying of the pores at higher pressures. 17 The differences observed between single-crystal and powder data in Cu-btc is probably related to the different approaches used and sample size. In the study by Chapman et al., for example, pressure dependence on uptake of hydrostatic media was also shown to be crystallite size dependent.
We, however cannot conclude that this occurs in Sc2(NO2-BDC)3, as similar behaviour is observed in Sc2BDC3, where the methanol content actually reached saturation by 1.1 GPa, and remains in the pores until at least 2.3 GPa.
CONCLUSIONS
The compressibility of both Sc2BDC3 and Sc2(NO2-BDC)3 MOFs are highly sensitive to the pressuretransmitting medium used. For Sc2BDC3 in Fluorinert FC-77, the molecules are too bulky to penetrate the pore volume and so the framework compresses upon loading to 0.1 GPa. Increasing the pressure further to 0.4
GPa results in a crystalline-to-amorphous phase transition which is fully reversible. Raman spectroscopy suggests that loss of crystallinity is possible without bond breaking. Using methanol as a medium, molecules enters the pores of Sc2BDC3, and can be located in two distinct sites, Sites 1 and 2. The first is filled by 0.3
GPa: upon increasing pressure, the occupancy of the less favourable Site 2 increases as more methanol molecules are forced into the pores until a maximum uptake is observed at ≈ 1.1 GPa. The crystallinity of Sc2BDC3 is retained during methanol-mediated compression up to 3.0 GPa, well beyond the limit when no further methanol uptake occurs. This behaviour was further investigated using both GCMC and molecular dynamics simulations, which further supported the order of inclusion of adsorbed methanol molecules, filling Site 2 at higher pressures. The propensity for hydrogen bonding was also investigated, and indicates that Hbonding interactions occur between molecules in each site and that H-bonding between adjacent Site 1 molecules helps orient the methanol molecules.
The pore volumes in Sc2(NO2-BDC)3 are smaller than those in Sc2BDC3 due to the nitro groups. This alters the way in which the unit cell volume changes in order to accommodate increasing pressure. As is the case with Sc2BDC3, compressing Sc2(NO2-BDC)3 to 0.4 GPa in Fluorinert FC-77 resulted in direct compression of the framework, but increasing the pressure further to 0.8 GPa resulted in a single-crystal to single-crystal phase transition (C2/c to Fdd2) with a concomitant distortion of the 1-D porous channels. Between 0.8 and 2.6
GPa, the framework showed continued reduction in volume with the compressibility decreasing with increasing pressure. Above 2.6 GPa, the sample underwent an irreversible amorphization, though the pressure at which this happens is 6.5 times greater than that for the unfunctionalized Sc2BDC3, demonstrating the increased stability of the crystalline phase of the framework containing the derivatised BDC ligand. In Sc2BDC3, the pressure-induced inclusion of methanol caused a swelling of the unit cell whereas in Sc2(NO2-BDC)3 we only see a decrease in volume: it is likely that the uptake of methanol is much lower. The highpressure data for Sc2(NO2-BDC)3 is not of high enough quality to extract pore content information, but methanol uptake in Sc2(NO2-BDC)3 is observed at ambient pressures and can be inferred to take place at high pressures from the increase in stability of the C2/c phase and its compressibility behaviour.
The use of high-pressures to saturate the pores of MOFs with guest molecules has several possible future applications, the most obvious of which is in the use of pressure to post-modify MOFs by flooding the pores with reactive species, overriding the use of diffusion techniques. The use of gaseous pressure media could also be used for future CO2 and N2 activation within MOFs, as diffusion of high-concentrations of gases would be possible at elevated pressures.
